Previously, we have shown a common antigen of several herpesviruses (pseudorabies virus, equine abortion virus and bovine mammillitis virus) to be antigenically related to the major DNA-binding proteins of herpes simplex virus types 1 and 2. In this study we have purified the cross-reacting polypeptide from cells infected with pseudorabies virus, equine abortion virus and bovine mammillitis virus and shown the cross-reacting protein to be a major DNA-binding protein for each virus. Tryptic peptide analysis of the cross-reacting DNA-binding proteins of all five viruses has shown structural similarities. The proteins thus were shown to share common antigenic sites, to have similar biological properties and to have a highly conserved amino acid sequence. This unexpected similarity between proteins from diverse herpesviruses suggests an essential and fundamental role of the major DNA-binding protein in herpes virus replication.
INTRODUCTION
Herpesviruses are large DNA viruses which have been isolated from a wide range of eukaryotic hosts including oysters, fish, amphibians, birds and most mammals, including man (Nahmias, 1972) . Primary identification of a herpesvirus is based upon electron microscopy of the virion which has a nucleocapsid 100 nm in diam. consisting of 162 capsomeres surrounded by a lipoprotein envelope (Wildy et al., 1960) . In many cases this is the only available information which is useful in classifying a particular virus as belonging to the group. Various attempts have been made at subdividing the group (Andrewes, 1962 , Melnick et al., 1964 and in the most recent classification there are three subfamilies (Matthews, 1979) which are largely based on biological properties and DNA structure. The alphaherpesvirinae include herpes simplex virus type I and 2 (HSV-1 and HSV-2), equine abortion virus (EAV), pseudorabies virus (PRV), bovine mammillitis virus (BMV) and probably feline herpes virus (FRV). The betaherpesvirinae consist of cytomegaloviruses from various hosts and the gammaherpesvirinae consist of the lymphotrophic viruses including Epstein-Barr virus. A major problem with the subdivision of the group is the lack of data on many of the members.
Serological studies of the relationships between herpes viruses (for review, see have seldom included more than two or three members of the group. In our recent studies we have examined five members of the herpesvirus group by immunodiffusion, neutralization, immunofluorescence and immunoprecipitation tests (Killington et al., 1977 , Yeo et al., 1981 . These studies have revealed a common antigen expressed in cells infected by HSV-1, HSV-2, BMV, PRV and EAV. The proteins bearing the common antigenic site or sites in HSV-1-and HSV-2-infected cells correspond to the major DNA-binding proteins induced by these viruses. The aims of this study were to determine if the cross-reacting proteins of BMV, PRV and EAV were also the major DNA-binding proteins of these viruses and to determine the degree of similarity of the cross-reacting proteins of all five viruses by tryptic peptide analysis.
METHODS

Cells and viruses.
BHK-21 and HEp-2 cells were grown in the autoclavable formulation of the Glasgow modification of Eagle's medium (Flow Laboratories) as previously described (Watson et al., 1966) . HSV-1 was strain HFEM and HSV-2 was strain 186 . BMV was the Italian isolate of Castrucci et aL (1972) kindly provided by Dr W. B. Martin, PRV was the strain isolated by Dr F. Dekking, and EAV was the Polish isolate RAC-H (Mayr et al., 1965; Thomson et al., 1976) . HSV-1, BMV, PRV and EAV were grown in BHK-21 cells and HSV-2 in HEp-2 cells.
Preparation of radiolabelled infected cells. Monolayers of cells were infected at an input multiplicity of 20 p.f.u./cell with each virus. Following adsorption at 37 °C for 1 h monolayers were washed in phosphate-buffered saline (PBS) and incubated with labelling medium consisting of basal Eagle's medium containing one-tenth the normal concentration of methionine (1.5 mg/1), the normal concentration of sodium bicarbonate, 2 % calf serum and 1.5 ~Ci/ml [35S]methionine. The cells were harvested at 18 h after infection, washed in PBS and stored as a frozen cell pellet at -70 °C.
Protein extraction and purification of DNA-binding proteins Protein extraction. In order to recover maximal amounts of DNA-binding protein, infected ceils were harvested by scraping at 18 h post-infection. The infected cells were pooled in tubes on ice and after this stage all procedures were done at 0 to 4 °C. The cells were pelleted by low-speed centrifugation, washed in tris buffer pH 7.5 and suspended in extraction buffer (20 mM-tris-HCl pH 7.5 and 0.5 mM-dithiothreitol) at a cell concentration of 1 x 10 7 to 3 × 107 per ml. The cells were then subjected to ultrasonic disruption and extracted with high salt as described previously (Powell & Purifoy, 1977) . The extract was dialysed overnight against several changes of DE buffer [50 mM-tris-HC1 pH 7-5, 0.5 mMdithiothreitol, 0.2% Nonidet P40 (NP40) and 20% glycerol]. After dialysis the extract was clarified by sedimentation at 15000 rev/min for 20 min and the supernatant fraction containing the DNA-binding protein was used for purification.
DEAE-cellulose chromatography. The next step in purification was accomplished by chromatography on a column (2 x 20 cm) of DEAE-cellulose (DE52, Whatman) equilibrated in DE buffer. The cell extract was applied to the column, the column was washed with 2 vol. DE buffer, and the DNA-binding protein eluted with a 150 ml gradient of 0 to 0.3 M-KC1 in DE buffer. Each fraction from the column was assayed for acid-precipitable radioactivity and was analysed by polyacrylamide gel electrophoresis as described previously (Powell & Courtney, 1975) .
Phosphocellulose chromatography. The peak of DNA-binding protein from the DEAE column was dialysed in DE buffer and was applied to a column (2 x 15 cm) of phosphocellulose (P 11 cellulose, Whatman). To prevent non-specific binding, the column was washed with bovine serum albumin at 500 ag/ml in DE buffer and further washed with DE buffer before loading. After loading, the column was washed with 2 column vol. DE buffer, and the DNA-binding protein was eluted with 100 ml gradient of 0.1 to 0.4 M-KC1 in DE buffer. Assays on the column fractions were done exactly as described for the DEAE column fractions.
DNA-cellulose chromatography. Denatured DNA-cellulose chromatography was as described previously (Powell & Purifoy, 1977) . The required fractions from the phosphocellulose column were pooled, adjusted to 500/~g bovine serum albumin/ml, dialysed against two changes of low-salt buffer (50 mM-KC1), and applied to the DNA-cellulose column (0.6 × 3 cm). Elution was achieved by the stepwise addition of 0.05, 0.1, 0.2, 0.4 and 1 M-KC1 in DE buffer. The column fractions were assayed as described for the DEAE-cellulose column fractions.
Tryptic peptide analysis
In situ iodination of proteins. Iodination of polypeptides was by the chloramine-T method as described by Elder et al. (1977) . Briefly, bands containing the protein were cut out of polyacrylamide gels and washed in 10% methanol to remove any remaining SDS. The bands were dried and 40 pl 0.5 M-sodium phosphate buffer pH 7.5, containing 50 pg chloramine-T and 250 pCi 125I (The Radiochemical Centre, Amersham), were added. After 1 h, 1 ml sodium metabisulphite (1 mg/ml) was added to stop the reaction. Gel slices were washed several times with 10% methanol to remove unincorporated iodine and the gel slices were then dried.
Tryptic peptide analysis. Iodinated gel slices were treated with 0-5 ml performic acid for 1 h at 4 °C. Slices were then twice dried to remove performic acid and rehydrated in 0.5 ml 50 mM-ammonium bicarbonate buffer pH 8 containing 30 pg diphenyl carbamyl chloride-treated trypsin (Sigma). After an overnight digestion at 37 °C the eluted peptides were removed and repeatedly dried and resuspended in water to remove ammonium bicarbonate. Finally, the peptides were resuspended in 10% acetic acid containing basic fuchsin.
Resolution of tryptic peptides. Tryptic peptides were resolved on 200 × 200 × 0.25 mm silica G precoated chromatography sheets (Camlab, Cambridge, U.K.) using twodimensional chromatography. The first dimension buffer was 200:30:75, n-butanol:acetic acid : water and the second dimension buffer was 15 : 10 : 3 : 12, n-butanol : pyridine : acetic acid : water. Peptides were located by autoradiography using X-omat H film (Kodak).
Antiserum production. General antiserum to RK 13 cells infected with HSV-1 was prepared as described elsewhere (Watson et al., 1966) by repeated immunization of rabbits with extracts of infected RK 13 cells.
Immunopreeipitation. Immunoprecipitates were prepared by incubating at 4 °C for 18 to 24 h. Amounts of 0.1 ml of soluble antigen fractions (Yeo et al., 1981) of HSV-I-, HSV-2-, BMV-, PRV-and EAV-infected cells were reacted with equivalent and excess HSV-1 antisera or with preimmune serum. Following incubation, precipitates were sedimented at 4000 rev/min for 15 min and washed several times with PBS. The pellet was resuspended in 0.125 ml disruption mixture containing 2% SDS, 5 % mercaptoethanol, 0.15 M-tris-HCl pH 7 and 3.4% sucrose. The amount of radioactivity in the resuspended pellet was estimated by trichloroacetic acid (TCA) precipitation of a portion on glass fibre paper. Equal volumes of disrupted precipitates were electrophoresed on SDS-polyacrylamide gels.
Polyacrylamide gel electrophoresis. Proteins were separated by electrophoresis on SDS-polyacrylamide slab gels cross linked with N,N'-methylene bisacrylamide which were fixed, stained and processed for autoradiography as described previously (Powell & Courtney, 1975) .
RESULTS
Purification of the major cross-precipitating proteins
The major polypeptides precipitated from extracts of HSV-1-or HSV-2-infected cells by antisera to PRV or EAV correspond to the major DNA-binding protein of HSV-1 and HSV-2 (Yeo et al., 1981; Powell et al., 1981) . Preliminary experiments using DNA-cellulose chromatography of crude infected cell extracts indicated that the major cross-reacting protein from BMV-, PRV-and EAV-infected cells might also correspond to the major DNA-binding proteins of these viruses. To confirm this, the proteins from these three viruses were purified using a method found to be successful for the HSV-2 DNA-binding protein .
To purify the major cross-reacting protein of BMV, PRV and EAV, virus-infected cells were extracted with high salt, the extract dialysed and subjected to DEAE-cellulose chromatography (Fig. l a to c) . The elution of the major cross-reacting proteins was determined by polyacrylamide gel electrophoresis. The peak fractions containing the proteins (Fig. 2a) were pooled, dialysed and then chromatographed on phosphocellulose columns (Fig. 2 b) . Peak fractions containing the cross-reacting proteins were identified as described above (Fig. 1 d to f) . Interestingly, the cross-reacting proteins from all the viruses show similar chromatographic behaviour to those of the major DNA-binding protein of HSV-1 and HSV-2, in that all bind very weakly to phosphocellulose, especially the PRV protein. The fractions containing the proteins from phosphocellulose were pooled, dialysed and applied to columns of denatured DNA cellulose (Fig. 1 g to i) . All three proteins show high affinity for DNA, binding strongly to the column and eluting in purified form from the column with 1 M salt (Fig. 2 c) .
In all the stages of the purification the cross-reacting proteins were identified by polyacrylamide gel electrophoresis. A comparison of cross-reacting proteins ( Fig. 2d ) with various stages of the proteins purification is shown in Fig. 2 . Since in crude cell extracts the cross-reacting protein constitutes a major part of infected cell protein synthesis (Yeo et al., 1981) , there was no difficulty in monitoring its chromatographic behaviour throughout purification. The protein's cross-reactivity was preserved throughout the procedure since all the purified proteins gave a single line in gel diffusion tests with antiserum to HSV-l-infected cells. Thus, the cross-reacting protein of each virus represents their major DNA-binding protein, each being capable of binding strongly to DNA in the absence of other proteins.
Tryptie peptide analysis of the major cross-precipitating polypeptides
Thus far we had identified cross-reacting proteins induced by five different herpesviruses which shared antigenic sites. These results tell us little of the extent of structural similarity of these DNA-binding proteins. The simplest explanation would be a limited similarity between the proteins at their sites which interact with DNA. The next step, therefore, was to examine the proteins by tryptic peptide analysis to determine the extent of the similarity. Immunoprecipitation followed by polyacrylamide gel electrophoresis was used to prepare the cross-reacting proteins from extracts of cells infected with each of the five viruses. The polypeptides were then labelled in situ in the polyacrylamide gel with ~25iodine and the identity of the labelled protein was checked by polyacrylamide gel electrophoresis. This process proved effective as no problems with contamination with other proteins were found. The labelled proteins were next subjected to trypsin digestion as described in Methods. The soluble tryptic peptides were analysed by two-dimensional chromatography and autoradiography.
Tryptic peptide analysis of the DNA-binding proteins of the closely related viruses, HSV-1 and HSV-2, shared an almost identical pattern of peptides (Fig. 3 a) . There were visible minor differences between the patterns, especially in the migration of peptides in the regions marked t and 2. It is also clear from these results (Fig. 3 a) that the tryptic peptides of the major cross-reacting polypeptides of BMV and HSV-1 were almost identical.
In region 1 (Fig. 3 a) the peptides coded 7, 8 and 9 (Fig. 3 b) of HSV-1, HSV-2 and BMV proteins all migrated in similar fashion as did peptide 12. Peptides 10 and 11 differed slightly in relative mobility in HSV-2. Some peptides in this region were only seen with one or two of the three virus-induced proteins and these have been designated by letter, e.g. peptide D (HSV-1 and BMV) or F (HSV-2 and BMV). Because of the method of labelling used we could not ascribe significance to the more minor peptides observed. In region 2 (Fig. 3 b) peptides were seen which were common to all three viruses; hoWever, the HSV-2 protein exhibited one additional peptide A (Fig. 3 b) .
In previous experiments (Yeo et aL, 1981) we had shown a closer relationship between PRV and EAV than between either of these viruses and HSV-1, HSV-2 or BMV. The tryptic peptide analysis of the cross-reacting polypeptides induced by PRV and EAV reflects this relationship (Fig. 3) . The tryptic peptides of the PRV and EAV proteins were extremely similar but differed tO a small extent from those of the proteins induced by the other viruses.
With EAV and PRV a group of six peptides in region 1 (Fig. 3 a) were similar to those found in this region of the peptide maps of the BMV, HSV-1 and HSV-2 proteins (peptides 7 to 12, Fig. 3b) . However, there were other peptides present common to EAV and PRV proteins but not found with the other proteins and these are designated by letters in Fig. 3 (b) . In region 2 some similarity could be seen in the peptide maps of PRV and EAV proteins and those of the other viruses. These peptides were difficult to designate due to the presence of at least two other major labelled peptides (O and N) . The maps of PRV and EAV peptides were almost identical except for spots X and Y in EAV absent from the PRV map.
The peptide maps of each protein were found to be consistent whether the protein was derived from immune precipitates or from preparations of pure protein. For example, nine separate determinations of the peptide map of the HSV-2 protein gave totally consistent results.
DISCUSSION
The results presented here have demonstrated that the major cross-reacting protein of each of the herpes viruses studied not only share antigenic determinants, but also have a highly conserved amino acid sequence as indicated by tryptic peptide analysis. Such a result suggests that this protein has a central role in the replication of the virus so that its structure remains constant. The feature of the HSV-2 protein we have examined thus far include its ability to bind DNA and to melt a poly(dAT) helix; in addition, antiserum to the purified protein inhibits HSV DNA synthesis in isolated chromatin . Furthermore, we have identified a HSV-2 mutant with a defect in this protein; this mutant is unable to replicate virus DNA at the non-permissive temperature (Littler et al., unpublished results) . While these data would indicate that the protein functions in DNA synthesis we could not rule out other functions. Indeed, since the protein has such a highly conserved sequence, the protein may have more than one role in virus replication.
Recent work by McDougaU et al. (1980) and Dreesman et al. (1980) using specific antisera to the HSV-2 major DNA-binding protein has detected expression of the major DNA-binding protein in cervical carcinoma tissue. Previous studies by Anzai et al. (1975) and Melnick et al. (1976) using immunoprecipitation have detected a high degree of reactivity of clinical antiserum from cervical cancer patients with VP 134 (their designation for the major DNA-binding protein of HSV-2). One obvious conclusion from the results presented here is that the antigen expressed in cervical carcinoma tissue may be derived by expression of the genome of a herpes virus other than HSV-2. Obviously, this could probably be clarified by using antiserum specific for each virus either derived by adsorption or by the preparation of monoclonal antibody. Such studies are in progress.
Additional studies with less related herpesviruses are needed to determine the extent of conservation of the major DNA-binding protein. Preliminary studies with channel catfish virus, infectious bovine rhinotracheitis virus and feline rhinotracheitis virus have shown that each of these viruses has a major polypeptide which cross-reacts by immunoprecipitation tests with antisera to pseudorabies or HSV-2 DNA-binding proteins. We have yet to establish that the cross-reacting protein of these three viruses functions as a DNA-binding protein. Rosenwirth et al. (1976) who, based on tryptic peptide analysis, found almost identical 72K DNA-binding proteins in adenovirus type 2-and type 5-infected cells and similarities between these two proteins and the 58K DNA-binding protein of adenovirus type 12.
Hybridization studies to determine the extent of DNA homology as an estimate of genetic relatedness have uncovered only limited homology between certain herpesviruses, i.e. about 50% between HSV-1 and HSV-2 (Kieff et al., 1972; Ludwig et al., 1972; Sugino & Kingsbury, 1976) , 14% between HSV-1 and BMV (Sterz et al., 1973/4) and none (or less than 8 to 10% background) between HSV-1 and PRV (Ludwig et al., 1972) . From the results presented here on the relatedness of the major cross-reacting proteins of the herpesviruses in this study, we should expect small areas of the virus genome to constitute areas of extreme genetic homology which have probably gone undetected by the techniques used in past studies. Physical mapping data (Morse et al., 1978; Marsden et al., 1978) have located the region of the HSV genome which codes for the major DNA-binding protein near the middle of the unique 'L' sequences, around 0-4 on the HSV genome. The major DNA-binding protein was designated ICP8 in the former study and 136(130) in the latter. This region of the HSV genome should exhibit close homology with certain regions of the DNA of other herpesviruses used in this study.
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